The potent and selective proteasome inhibitor bortezomib (Velcade, formerly known as PS-341) has shown remarkable antitumor activity and is currently approved for the treatment of multiple myeloma (MM).^[@bib1]^ Growing evidence suggests that bortezomib induces tumor cell apoptosis and inhibits tumor growth.^[@bib1],\ [@bib2],\ [@bib3]^ In addition to its general mechanism through proteasome inhibition,^[@bib4]^ one of the antimyeloma mechanisms of bortezomib is the inhibition of the transcription factor nuclear factor-*κ*B (NF-*κ*B).^[@bib4]^ NF-*κ*B has been shown to be constitutively activated in several types of cancer cells, and blockade of NF-*κ*B has been reported to increase the cellular susceptibility to apoptosis.^[@bib5]^ The combination of bortezomib, melphalan,^[@bib6]^ or thalidomide^[@bib7]^ has been successfully used to treat patients with relapsed/refractory MM.

Signal transducer and activator of transcription 1 (STAT1), a member of a family of latent cytoplasmic transcription factors, has a crucial role in a variety of biological functions, including cell proliferation and apoptosis.^[@bib8],\ [@bib9]^ It has been demonstrated that interferons or interleukins can activate Janus kinase (JAK) and Tyk2, which is followed by tyrosine phosphorylation of different STAT family members (STAT1, STAT2, and STAT3).^[@bib9]^ STAT1 can also block mdm2, a molecule that inhibits p53 transcriptional activity and stimulates its degradation. The cleavage of STAT1 by caspase-3 releases a C-terminal peptide, which interacts with p53 to induce apoptosis. Once released, the proapoptotic C-terminal fragment of STAT1 may further stimulate caspase activity, resulting in a self-perpetuating activation loop. Moreover, STAT1-induced apoptosis is, in part, mediated by caspase-2 and -7.^[@bib8]^ Evidence also suggests that activated STAT1 may regulate apoptosis by enhancing the transcription of procaspase-8, Bax, Bcl-2, and Bcl-X.^[@bib10]^ STAT1 phosphorylated at serine 727 and tyrosine 701 can induce apoptotic cell death in heart, brain, and liver tissues following ischemia--reperfusion injury. In addition, it has been demonstrated that both serine 727 and tyrosine 701 of STAT1 are phosphorylated in response to JAK and p38 activation in Streptococcal pyrogenic exotoxin B-induced apoptosis.^[@bib10]^ Although the proapoptotic effects of STAT1 have been widely reported, only a few studies have focused on its potential antiapoptotic properties.^[@bib11],\ [@bib12]^

Ovarian cancer is the leading cause of death from gynecological cancer.^[@bib13]^ Patients with ovarian cancer have 5-year survival rates that range from 36 to 44%, depending on the stage.^[@bib13]^ The standard treatment is surgery, usually combined with adjuvant chemotherapy. Although combination regimens of paclitaxel and the platinum drugs are considered as a first-line treatment option for ovarian cancer,^[@bib14]^ the majority of women with advanced ovarian malignancies will ultimately relapse and develop drug-resistant disease (median progression-free survival: 18 months).^[@bib15]^ Thus, there is an urgent need for the development of more effective treatment modalities that could improve the prognosis.

Ovarian cancer cells are characterized by high levels of proteasome activity and increased accumulation of ubiquitinated proteins; consistent with this, they are sensitive to apoptosis induced by proteasome inhibitors.^[@bib16]^ The proteasome inhibitor bortezomib is now entering clinical trials for ovarian cancer. In a phase I study, the combination of bortezomib and carboplatin elicited an overall response rate of 47% in recurrent ovarian or primary peritonealcancer^[@bib17]^ Notably, bortezomib has been shown to induce ovarian cancer cell death by decreasing the levels of Bcl-XL and X-linked inhibitor of apoptosis protein.^[@bib18]^ In addition, bortezomib has the ability to promote cell cycle arrest and apoptosis through the induction of p21/p27 and the activation of caspase-3.^[@bib16]^ Despite these promising results, a Gynecologic Oncology Group phase II trial has reported that bortezomib has minimal activity as a single agent in the treatment of recurrent platinum-sensitive epithelial ovarian or primary peritoneal cancer.^[@bib19]^ Importantly, the molecular mechanisms underlying the antineoplastic effects of bortezomib (either alone or in combination with other drugs) have not yet been completely elucidated.

In this study, we sought to identify the signaling cascades leading to bortezomib-triggered cell death. Signaling pathways were investigated using 11 reporter assays. Our data indicate that STAT1 phosphorylation (which exerts an antiapoptotic activity) may partly explain why bortezomib monotherapy showed limited antitumor activity in ovarian cancer patients in the phase II trial. We also demonstrate that bortezomib-activated STAT1 phosphorylation may be suppressed with the combined use of bortezomib with either JAK inhibitors (JAKi\'s) or cisplatin, one of the most commonly used anticancer drugs.

Results
=======

Bortezomib induces cancer cell death and activates the STAT1 signaling pathway
------------------------------------------------------------------------------

In all, 10 ovarian cancer cell lines, including serous (OV90, 67R, BG1, BR, SKOV3, and OVCAR3), endometrioid (TOV112D and MDAH2774), and clear-cell (TOV21G and ES2) carcinomas were exposed to bortezomib ([Figure 1a](#fig1){ref-type="fig"}). TOV112D, OVCAR3, and TOV21G cells demonstrated the highest sensitivity to bortezomib (mean effective concentration (EC~50~)): 0.05--0.1 *μ*M). ES2, BG1, OV90, and MDAH2774 cells showed an intermediate sensitivity to bortezomib (mean EC~50~: 1--10 *μ*M), whereas 67R, BR, and SKOV3 cells had the highest bortezomib resistance. Bortezomib induced a higher cytotoxicity in the TOV112D and TOV21G cells than in BR and SKOV3 cells, respectively ([Figure 1b](#fig1){ref-type="fig"}). In general, bortezomib promoted caspase-3 activation in a dose-dependent manner, despite significant differences in terms of sensitivity (high in TOV112D and TOV21G cells, and low in BR and SKOV3 cells; [Figure 1c](#fig1){ref-type="fig"}). Bortezomib induced apoptosis, which was shown by the upregulation of both proapoptotic proteins p21 and p27 (resulting in an arrest of the cell cycle), increased apoptotic markers (cleaved-PARP and cytochrome *c* release), and the downregulation of antiapoptotic proteins (Bcl-2, Bcl-XL, and p-Bad; [Figure 1d](#fig1){ref-type="fig"}).

Signaling pathways induced by bortezomib were investigated using 11 reporter assays in TOV112D cells. Bortezomib reduced the activity of the HRE (hypoxia response element), NPM1/B23, E2F1, MMP9, and YY1 reporters ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). In contrast, bortezomib significantly activated the C/EBP, Grp78, ID3, STAT1, and TOP reporters. Surprisingly, bortezomib did not induce a significant activation of the NF-*κ*B reporter ([Figure 1e](#fig1){ref-type="fig"}). The JAK/STAT signaling pathway was specifically activated by bortezomib, but neither by another proteasome inhibitor (MG132) nor by paclitaxel ([Figure 1f](#fig1){ref-type="fig"} and [Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). In accordance with the results of the reporter assay, bortezomib was found to activate STAT1 phosphorylation in TOV112D, TOV21G, BR, and SKOV3 cells. STAT1 phosphorylation levels were inversely correlated with the sensitivity to bortezomib ([Figure 1g](#fig1){ref-type="fig"}).

The inhibition of JAK1/STAT1 signaling pathway sensitizes ovarian cancer cells to bortezomib-mediated cytotoxicity
------------------------------------------------------------------------------------------------------------------

RNAi-mediated STAT1 knockdown suppressed the expression of both total and phosphorylated STAT1 ([Figure 2a](#fig2){ref-type="fig"}). Although the knockdown of STAT1 alone did not induce caspase-3 activation, the suppression of STAT1 phosphorylation significantly increased bortezomib-induced apoptosis ([Figure 2b](#fig2){ref-type="fig"}). JAK1 is a known regulator of STAT1, and JAKi I suppressed bortezomib-induced phosphorylation of both STAT1 ([Figure 2c](#fig2){ref-type="fig"}) and JAK1 ([Figure 2d](#fig2){ref-type="fig"}). The inhibition of JAK significantly increased bortezomib-mediated caspase-3 activation ([Figure 2e](#fig2){ref-type="fig"}). The combination of bortezomib and JAKi I resulted in higher cytotoxic effects than when cells were exposed to either JAKi I or bortezomib alone ([Figure 2f](#fig2){ref-type="fig"}). Similar results were observed in TOV21G, BR, and SKOV3 cells, suggesting that the inhibition of STAT1 phosphorylation can sensitize ovarian cancer cells to bortezomib ([Figure 2g](#fig2){ref-type="fig"}). Overexpression of an S727E-substituted STAT1, which mimicked the S727-phosphorylated STAT1, counteracted cell death that was induced by either botezomib alone or combined borteozmib with JAKi ([Figure 2h](#fig2){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}).

The effects of HSP70 on STAT1 in bortezomib-mediated cytotoxicity are transcriptionally activated by heat-shock factor-1
------------------------------------------------------------------------------------------------------------------------

Because bortezomib can induce heat-shock protein (HSP)-related stress,^[@bib20]^ we sought to investigate the potential role played by HSP70 in the cytotoxic effects of bortezomib in ovarian cancer cells. In TOV112D cells, bortezomib significantly upregulated HSP70 expression both at the transcriptional (mRNA) and protein levels ([Figure 3a](#fig3){ref-type="fig"}); similar findings were observed in four other ovarian cancer cell lines ([Supplementary Figures 2a--d](#sup1){ref-type="supplementary-material"}). RNAi-mediated HSP70 knockdown increased the activation of caspase-3 and the cytotoxic effects of bortezomib in TOV112D cells ([Figures 3b and c](#fig3){ref-type="fig"}). Similar results were obtained in MDAH2774 cells ([Supplementary Figures 2e and f](#sup1){ref-type="supplementary-material"}). Of note, the suppression of HSP70 resulted in a significant inhibition of bortezomib-induced STAT1 phosphorylation ([Figure 3d](#fig3){ref-type="fig"}). Moreover, overexpression of HSP70 significantly increased the phosphorylation of STAT1 and further enhanced bortezomib-induced phosphorylation of STAT1 ([Figure 3e](#fig3){ref-type="fig"}), and also rescued bortezomib-mediated cell death ([Figure 3f](#fig3){ref-type="fig"}). Bortezomib significantly activated the heat-shock factor (HSF) response element reporter ([Figure 3g](#fig3){ref-type="fig"}) and increased HSF-1 protein levels ([Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}). The knockdown of HSF-1 with shRNA ([Supplementary Figure 3b](#sup1){ref-type="supplementary-material"}) decreased HSP70 protein levels and increased caspase-3 activation ([Figure 3h](#fig3){ref-type="fig"}). In line with these results, the overexpression of either HSF-1 or HSP70 significantly reduced bortezomib-induced caspase-3 activation ([Supplementary Figure 3c](#sup1){ref-type="supplementary-material"}). Collectively, these results demonstrate that the HSF1--HSP70--STAT1 signaling pathway is involved in cell survival, counteracting the cytotoxicity of bortezomib.

STAT1 attenuates bortezomib-induced apoptosis
---------------------------------------------

Bortezomib triggered apoptosis, shown by downregulation of the antiapoptotic proteins Bcl-2, Bcl-XL, and p-Bad ([Figure 1d](#fig1){ref-type="fig"}). The knockdown of STAT1 further suppressed the antiapoptotic molecules Bcl-2, Bcl-XL, and p-Bad ([Figures 4a, b and d](#fig4){ref-type="fig"}), and increased the levels of cleaved-Bid ([Figures 4a and c](#fig4){ref-type="fig"}) in bortezomib-treated TOV112D cancer cells. These results suggest that STAT1 may increase the cell viability in bortezomib-treated ovarian cancer cells by modulating several different molecules involved in the apoptotic cascade. Moreover, bortezomib inhibited AKT activity by suppressing the phosphorylation of AKT (T308). Similarly, the knockdown of STAT1 further decreased AKT phosphorylation (T308), which was already reduced by bortezomib ([Figure 4f](#fig4){ref-type="fig"}). Taken together, these results indicate that STAT1 has an antiapoptotic role in bortezomib-induced cytotoxicity in ovarian cancer cell lines.

The combination of bortezomib and cisplatin decreases bortezomib-induced phosphorylation of STAT1 and enhances apoptosis
------------------------------------------------------------------------------------------------------------------------

Cisplatin, either alone or in combination with other agents, is the mainstay of chemotherapy in patients with ovarian cancer.^[@bib21]^ Platinum-based chemotherapy combined with bortezomib is now being investigated as a potential treatment for ovarian cancer.^[@bib22]^ However, the molecular mechanisms involved in the combination treatment with platinum-based agents and bortezomib have not been fully elucidated. To this aim, ovarian cancer cells were exposed to bortezomib and cisplatin at a subcytotoxic concentration. Because the EC~50~ of cisplatin in TOV112D cells was approximately 50 *μ*M ([Figure 5a](#fig5){ref-type="fig"}), cisplatin was used at a final concentration of 5 *μ*M for the drug combination experiments. The combination of bortezomib and cisplatin significantly decreased cell viability to a greater degree than either agent alone ([Figure 5b](#fig5){ref-type="fig"}). Such a synergistic interaction was confirmed in the cytotoxicity assays ([Figures 5c and d](#fig5){ref-type="fig"}) and was also observed in bortezomib-resistant BR and SKOV3 cells ([Supplementary Figures 4a and b](#sup1){ref-type="supplementary-material"}). Moreover, cisplatin abolished bortezomib-induced phosphorylation of STAT1 ([Figure 5e](#fig5){ref-type="fig"}). The addition of cisplatin to bortezomib resulted in a significant increase in the cleavage of caspase-3 compared with bortezomib alone ([Figure 5e](#fig5){ref-type="fig"}). Taken together, these results indicate that cisplatin suppresses bortezomib-induced phosphorylation of STAT1 and enhances cytotoxicity by elevating apoptosis.

Bortezomib induces cytotoxicity *in vivo*
-----------------------------------------

Luciferase-expressing mouse ovarian surface epithelial cancer cells (MOSEC/LUC) showed sensitivity to the treatment with bortezomib (EC~50~: 0.1 *μ*M; [Figure 6a](#fig6){ref-type="fig"}). Western blot analysis showed that phosphorylated STAT1, HSP70, and cleaved-caspase-3 were significantly increased in bortezomib-treated MOSEC/LUC cells ([Figure 6b](#fig6){ref-type="fig"}). We found evidence of an additional activation of bortezomib-induced caspase-3 when either JAKi I or AG490 were used to suppress phosphorylated JAK ([Figures 6c and d](#fig6){ref-type="fig"}). These results were consistent with those obtained using TOV112D cells ([Figures 2e and f](#fig2){ref-type="fig"}). Tumor growth was tracked by using the Xenogen IVIS 200 *In Vivo* Imaging System (Xenogen Corp., Alameda, CA, USA) to measure luciferase activity in MOSEC/LUC tumor-bearing C57BL/6 mice. The combination of bortezomib and AG490 inhibited tumor proliferation more effectively than bortezomib alone ([Figures 6e and f](#fig6){ref-type="fig"}). Moreover, the combination of bortezomib and AG490 was associated with higher levels of cleaved-caspase-3 and lower levels of phosphorylated STAT1 in tumor tissues compared with bortezomib alone ([Figure 6g](#fig6){ref-type="fig"}). Collectively, these results support the potential usefulness of the combined treatment with bortezomib and JAKi\'s in ovarian cancer.

Discussion
==========

In this study, we systematically surveyed the signaling pathways regulated by bortezomib and demonstrated for the first time that the inhibition of STAT1 enhances bortezomib-induced cytotoxicity in ovarian cancer cells ([Figure 7](#fig7){ref-type="fig"}). Bortezomib is a proteasome inhibitor approved for clinical use in MM.^[@bib7]^ Here, we investigated the molecular mechanisms of bortezomib-induced cell death in ovarian cancer cells using a panel of 11 reporter assays examining different signaling pathways involved in cell cycle regulation (E2F1 and C/EBP), inflammation and cell migration (STATs, NF-*κ*B, MMP-9, and HRE), cell proliferation (B23, YY1, Wnt pathway, ID3, and NF-*κ*B), and stress-induced chaperone proteins (Grp78 and HSE (heat-shock factor response element)). Unexpectedly, we found that NF-*κ*B transcription activity was not significantly affected by bortezomib ([Figure 1e](#fig1){ref-type="fig"}), although inhibition of the transcription factor NF-*κ*B by bortezomib was thought to be a key molecular mechanism for antimyeloma.^[@bib4]^ Therefore, the transcription factor NF-*κ*B does not seem to have a key role in the molecular mechanisms of bortezomib-mediated cytotoxicity in ovarian cancer cells. On the other hand, we have shown that bortezomib specifically promoted the tyrosine phosphorylation of STAT1, whereas a broad-spectrum proteasome inhibitor (MG132) did not ([Figure 1f](#fig1){ref-type="fig"}).

Dysregulation of STAT1 has been shown in many types of cancer,^[@bib23]^ but its roles can be either proapoptotic^[@bib24]^ or prosurvival.^[@bib25],\ [@bib26]^ STAT1 is significantly overexpressed in drug-resistant cancer cells compared with drug-sensitive cancer cells or normal cells.^[@bib11]^ The activation of the STAT1 signaling pathway has been shown to inhibit apoptosis in ovarian cancer^[@bib12]^ and is one of the molecular mechanisms underlying sarcoma development,^[@bib27]^ although exceptions exist.^[@bib28]^ The role of STAT1 in tumor biology and therapeutic resistance appears to differ from cell type to cell type. The results of this study indicate that an increased STAT1 phosphorylation was associated with a reduced sensitivity to bortezomib in ovarian cancer cell lines ([Figure 1](#fig1){ref-type="fig"}). We also demonstrated that the phosphorylation of STAT1 increased drug resistance (i.e., decreased cytotoxicity) in bortezomib-treated ovarian cancer cells ([Figures 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}). Overexpression of an S727E-substituted STAT1, which mimicks the constitutive phosphorylation of S727,^[@bib29]^ promoted cell viability and counteracted bortezomib-mediated cell death ([Figure 2h](#fig2){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}), further supporting this notion.

Bortezomib has been shown to induce apoptosis through the activation of proapoptotic proteins and/or the inhibition of antiapoptotic molecules.^[@bib30],\ [@bib31]^ The findings of this study are broadly consistent with earlier data obtained in bortezomib-treated ovarian cancer.^[@bib16],\ [@bib32]^ For example, previous research suggested that STAT1 may attenuate apoptosis^[@bib33]^ and enhance cancer cell growth.^[@bib12]^ Here, we show that STAT1 has a crucial role in the development of bortezomib resistance by promoting the expression of Bcl-2, Bcl-XL, and p-Bad ([Figure 4](#fig4){ref-type="fig"}). Interestingly, bortezomib increased the cleavage of Bid, as a part of apoptotic features, and knockdown of STAT1 enhanced the cleavage of Bid in bortezomib-treated cells ([Figure 4c](#fig4){ref-type="fig"}).

The upregulation of HSP70 observed in this study ([Figure 3a](#fig3){ref-type="fig"}) is part of the bortezomib-induced stress response, which was mediated by HSF ([Figures 3g and h](#fig3){ref-type="fig"}). In MM, the combination of bortezomib and CNTO 328, an anti-IL-6 monoclonal antibody, has been shown to decrease bortezomib-stimulated HSP70 and to inhibit STAT1 phosphorylation.^[@bib34]^ The results from this study demonstrate that the knockdown of HSP70 in bortezomib-treated cancer cells decreased STAT1 phosphorylation and increased apoptosis. In accordance with our working hypothesis ([Figure 7](#fig7){ref-type="fig"}), both the antiapoptotic HSP70 and STAT1 have been shown to be involved in the development of anticancer drug resistance.^[@bib35],\ [@bib36],\ [@bib37]^ It has been shown that JAK--STAT pathway activated HSP70 promoter via HSF-1 and increased levels of HSP70.^[@bib35],\ [@bib38]^ However, the mechanisms by which HSP70 mediates the phosphorylation of STAT1 remain to be determined.

In combination with bortezomib, inhibitors for JAK--STAT pathway have been used for anti-MM and leukemia therapies.^[@bib39],\ [@bib40],\ [@bib41]^ AG490 and JAKi I have been shown to decrease STAT phosphorylation and enhance cell death.^[@bib12],\ [@bib42]^ Although both AG490 and JAKi I alone were not sufficient to induce cell death in ovarian cancer cell lines, we found that their combination significantly inhibited bortezomib-induced STAT1 phosphorylation and enhanced the cytotoxic effects of bortezomib both *in vitro* and *in vivo* ([Figures 2](#fig2){ref-type="fig"} and [6](#fig6){ref-type="fig"}). These results support the potential usefulness of JAKi\'s and bortezomib combinations as a therapeutic strategy in ovarian cancer.

Bortezomib has been successfully used to overcome cisplatin resistance in ovarian cancer cells.^[@bib43],\ [@bib44]^ The synergistic effects of cisplatin and bortezomib have been explained by the removal of cisplatin resistance.^[@bib45]^ Alternatively, cisplatin may render the cells sensitive to bortezomib by modulating the STAT1 pathway, which is considered one of the major molecular mechanisms involved in cisplatin resistance.^[@bib12],\ [@bib46]^ Previous research also suggests that bortezomib may enhance cisplatin uptake and cytotoxicity by modulating the expression of the human copper transporter 1.^[@bib47]^ The results of this study demonstrate that subcytotoxic concentrations of cisplatin reduced bortezomib-induced STAT1 phosphorylation and enhanced the cytotoxic effects of bortezomib in ovarian cancer cells ([Figure 5](#fig5){ref-type="fig"}). Taken together, our data offer an alternative mechanism to explain the synergistic cytotoxic effects of bortezomib and cisplatin.

In conclusion, we have shown that bortezomib may promote STAT1 phosphorylation in ovarian cancer cells through multiple signaling pathways. STAT1 phosphorylation can have a role in bortezomib resistance by exerting antiapoptotic effects. They also suggest the possibility to abolish or reduce bortezomib chemoresistance in ovarian cancer by the addition of cisplatin or JAKi\'s.

Materials and Methods
=====================

Cell culture and reagents
-------------------------

Human ovarian cancer cell lines TOV112D, TOV21G, OVCAR3, OV90, SKOV3, MDAH2774, 67-R, and ES2 were obtained from ATCC (Rockville, MD, USA). BR and BG1 cells were obtained as described previously.^[@bib48],\ [@bib49]^ The cells were cultured in Dulbecco\'s modified Eagle\'s medium/F-12 supplemented with 10% fetal bovine serum and antibiotics at 37 °C in 5% CO~2~ humidified atmosphere. OVCAR3 cells were cultured in RPMI 1640 media supplemented with 20% fetal bovine serum. Bortezomib (Millennium Pharmaceuticals, Cambridge, MA, USA) was dissolved in sterile water (final concentration: 10 mM). MG132 (Affinity Research Products Ltd, Exeter, UK), JAKi I (Merck, Darmstadt, Germany), and paclitaxel (Sigma, St. Louis, MO, USA) were individually dissolved in DMSO (final concentration: 10 mM). The JAK2-specific inhibitor, AG490 (Merck), was dissolved in sterile water at a final concentration of 35 *μ*M. Overexpression vectors for HSP70, HSF-1, and EGFP-STAT1 (S727E) were obtained from Addgene Inc. (Cambridge, MA, USA).

Cell viability assay
--------------------

TOV112D cells were plated at 10 000 cells per well of 48-well plates. Cells were treated with the indicated concentrations of bortezomib in Dulbecco\'s modified Eagle\'s medium/F-12 supplemented with 10% fetal bovine serum for 24 h before being used in the assays. The inhibitory effects of bortezomib on the growth of tumor cells were measured by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method (Sigma). The optical density was measured at 570 nm using an automated scanning multiwell spectrophotometer (Wallac Victor2 spectrophotometer; Perkin-Elmer, Boston, MA, USA).

Cell cytotoxicity assays
------------------------

The cytotoxicity of bortezomib was investigated using TOV112D and TOV21G cell lines. Cells were seeded at 10^4^--2 × 10^4^ cell per well of 96-well plates and treated with the aforementioned concentrations of bortezomib at 37 °C for 24 h. To calculate the activity of lactate dehydrogenase (LDH), 100 *μ*l of a reaction mixture (Cytotoxicity Detection Kit PLUS; Roche, Basel, Switzerland) and the conditional medium were added to each well and incubated in the dark for 5--20 min. The water-soluble formazan dye exhibited the broad absorption maximum at approximately 500 nm in the Wallac Victor2 Spectrophotometer (Perkin-Elmer, Boston, MA, USA) Victor2 ELISA reader. The Cell Death Detection ELISA photometric enzyme immunoassay (Roche) was used for the quantitative *in vitro* determination of cytoplasmic histone-associated DNA fragments (mono- and oligonucleosomes) as an indicator of apoptosis. The absorbance was measured at 405 nm.

Luciferase reporter assay
-------------------------

C/EBP, E2F1, STATs (STAT1, STAT3, and STAT5), NF-*κ*B, HRE, and HSE are response element luciferase reporter vectors. MMP-9, B23, ID3, YY1, TOP (TCF reporter gene), and Grp78 (HSPA5) are promoter luciferase reporter vectors. E2F1, NF-*κ*B, MMP-9, B23, TOP, and Grp78 reporter vectors were obtained from Dr. Benjamin Yat-Ming Yung (Chang Gung University, Taiwan, Republic of China).^[@bib50],\ [@bib51]^ C/EBP, STATs, HSE, and YY1 reporter vectors were purchased from Panomics (Fremont, CA, USA). The HRE reporter vectors was obtained from Dr. Carine Michiels.^[@bib52]^ Two million cells were transfected by electroporation with 10 *μ*g of each reporter plasmid DNA. We used a total of 10 reporter constructs (C/EBP, ID3, STAT1, TOP, Grp78, B23, HRE, MMP-9, E2F1, and YY1) and 1 *μ*g of *Renilla* luciferase (Promega, Madison, WI, USA). The cells were then seeded at 2 × 10^3^ cells per well of 96-well plates and treated with bortezomib for 24 h. The luciferase activity was determined by a chemiluminescent assay reaction (Dual-Glo Luciferase Assay System; Promega). The *Renilla* luciferase expression was used to normalize for transfection efficiency.

Western blot analysis
---------------------

The cells were lysed in ice-cold RIPA lysis buffer containing 1% Triton X-100, 1% NP-40, 0.1% SDS, 0.5% DOC, 20 mM tris-hydroxymethyl-aminomethane (Tris--HCl, pH 7.4), 150 mM NaCl, and a mixture of protease and phosphatase inhibitors (Sigma) for 30 min. We used 10 and 12% resolving gels for separating proteins and identifying cleaved-caspase-3 by means of SDS-PAGE. The proteins were transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Uppsala, Sweden) and analyzed using the following primary antibodies: anti-HSP70 (K-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phospho-STAT1 (Tyr701), anti-phospho-STAT1 (Ser727), anti-STAT1, phospho-JAK1 (Tyr1022/1023), anti-JAK1, anti-cleaved-caspase-3 (Cell Signaling Technology, Beverly, MA, USA), and anti-HSF-1 (GeneTex, San Antonio, TX, USA). The reactions were probed with the corresponding horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). The bands were subsequently developed with an enhanced chemiluminescence detection kit (ECL; Millipore, Bradford, MA, USA). To compare differences between samples, the relative intensity of each band was normalized to the intensity of the *β*-actin (Sigma) band amplified from the same sample.^[@bib53]^

Real-time quantitative PCR
--------------------------

The mRNA level of the *HSP70* gene was measured in bortezomib-treated TOV112D cells lines. RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol.^[@bib54]^ Oligo(dT) primers were used in conjunction with the SuperScript III System (Invitrogen) for cDNA synthesis. The primer sequences for the human HSP70 gene (*HSPA1B*) were 5′-ATTGAGGAGGTGGATTAG-3′ (forward) and 5′-AGCAGAAATGACATAGGA-3′ (reverse). The amplification conditions were as follows: initial activation at 50 °C for 2 min and at 95 °C for 10 min, followed by 45 cycles at 95 °C for 15 s and 60 °C for 1 min using a thermal cycler system (MJ Research Inc., Waltham, MA, USA). The threshold cycle (C~t~) values were averaged from duplicate reactions.

RNA interference
----------------

For shRNA transfection experiments, 2 × 10^6^ cells were resuspended in 200 *μ*l of RPMI 1640 and mixed with 30 *μ*g of shRNA. Electroporation (100--120 V for 70 ms) was used to transfect shRNA on an ECM2001 instrument (BTX Instrument Division, Harvard Apparatus Inc., Holliston, MA, USA). The sequences of shRNA were as follows: 5′-CCGGCTTTGACAACAGGCTGGTGAACTCGAGTTCACCAGCCTGTTGTCAAAGTTTTT-3′ (HSP70); 5′-CCGGCCCTGAAGTATCTGTATCCAACTCGAGTTGGATACAGATACTTCAGGGTTTTT-3′ (STAT1); and 5′-CCGGGCAGGTTGTTCATAGTCAGAACTCGAGTTCTGACTATGAACAACCTGCTTTTT-3′ (HSF-1).

All of the sequences were provided by the National RNAi Core Facility, Academia Sinica (Taiwan, Republic of China).

DNA transfection
----------------

For HSP70 and HSF-1 overexpression, 2 × 10^6^ TOV112D cells were resuspended in 200 *μ*l of RPMI 1640 and mixed with 20 *μ*g of plasmid DNA expression vectors. Electroporation (100 V for 70 ms) was used to transfect plasmid DNA, as described above. The expression vectors corresponding to the human cDNA sequences for pEGFP-HSP70 and pBABE HSF Flag wt were purchased from Addgene Inc.

Mice
----

Female C57BL/6 mice (5 weeks old) were obtained from the National Animal Center (Taiwan, Republic of China). All of the procedures carried out in this study were approved by the Institutional Animal Care and Use Committee of the Chang Gung Memorial Hospital (no. 2008082602). All of the experiments conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No.85-23, revised 1996).

Tumor growth monitoring using an *in vivo* imaging system
---------------------------------------------------------

The dilution to 100 *μ*l of 10^7^ mouse ovarian surface epithelial cancer cells that constitutively expressed luciferase (MOSEC/LUC) was carried out by using Hank\'s balanced salt solution (HBSS). Mice were injected intraperitoneally using a 23-gauge needle (Becton Dickson, Franklin Lakes, NJ, USA). After 2--4 days, mice were injected with luciferin intraperitoneally (100 *μ*l of 0.4 mg/ml luciferin; Promega) and imaged with an IVIS imaging system (Xenogen Corp.) 10 min after injection. All mice were sedated with isoflurane and imaged at the Molecular Imaging Core Laboratory of Chang Gung Memorial Hospital (Taiwan, Republic of China). Light outputs were quantified using the LivingImage software (Xenogen Corp.). Raw values were reported as photons/s/cm^2^/sr.

Immunohistochemistry
--------------------

Paraffin-embedded tumor tissue sections (4 *μ*m) were deparaffinized with xylene and rehydrated through an ethanol series. Sections were stained with an anticleaved-caspase-3 antibody (Cell Signaling Technology) using an immunohistochemistry stainer equipped with a Ventana Basic DAB (3, 30-diaminobenzidine) Detection Kit (Tucson, AZ, USA) according to the manufacturer\'s protocol. Hematoxylin was used for counterstaining in all specimens.

Immunofluorescent microscopy
----------------------------

After transiently transfected with EGFP/EGFP-STAT1 (S727E), TOV112D cells were cultured on chamberslide at the concentration of 10^3^ cells per well overnight. After being treated with bortezomib overnight, cells were fixed with acetone for 5 min and incubated in blocking buffer (5% normal goat serum in PBS) for 1 h at RT to reduce nonspecific binding. For cleaved-caspase-3 staining, cells were incubated with a rabbit polyclonal antibody (Cell Signaling; 1 : 100) overnight. After being incubated with anti-rabbit Alexa Fluor 546 (1 : 100; Invitrogen), the slides were mounted with VECTASHIELD mounting medium (Vector Laboratories, Burlingame, CA, USA), and analyzed with the Leica TCS SP2 laser-scanning confocal system (Leica, Mannheim, Germany).

Data analysis
-------------

All of the data are expressed as mean±standard error of the mean, unless otherwise indicated. The results are representative of at least three independent experiments. Group comparisons were performed using two-tailed *t*-tests with the SPSS statistical software (Version 17; SPSS Inc., Chicago, IL, USA). Two-tailed *P*-values \<0.05 were considered statistically significant.
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![Bortezomib (BTZ) induces dose-dependent inhibition or activation of specific reporter assays in ovarian cancer cells. (**a**) Ovarian cancer cell lines (SKOV-3, ES-2, TOV-21G, TOV112D, OV90, 67R, BG1, OVCAR3, MDAH, and BR) were treated with either the vehicle alone or BTZ (concentration range: 0.01−10 *μ*M) for 48 h. The MTT assay was used to determine the cell viability. (**b**) The cytotoxic effects of BTZ (duration of exposure: 24 h) were determined using the LDH assay in the TOV112D, TOV21G, BR, and SKOV3 cancer cell lines. (**c**) BTZ induced a dose-dependent activation of caspase-3 in TOV112D, TOV21G, BR, and SKOV3 cells. (**d**) The effects of BTZ (concentration: 0.05 *μ*M; duration of exposure: 24 h) in TOV112D cells were investigated by immunoblotting; specifically, the protein levels of antiapoptotic (Bcl-2, Bcl-XL, and p-Bad) and proapoptotic (PARP, cleaved-caspase-3, cytochrome *c*, and p21/p27) molecules were determined. (**e**) TOV112D cells were transfected using the indicated reporter constructs, and subsequently treated with 0.05 or 0.25 *μ*M of BTZ for 24 h. The activation of the specific gene promoters (Grp78, ID3) and the consensus response elements (C/EBP, STAT1, TOP-flash, NF-*κ*B) was determined using the luciferase activity assay. (**f**) TOV112D cells were transfected with the STAT1 response element construct and treated with BTZ, paclitaxel, and MG132 at the indicated concentrations for 24 h. The STAT1 activity was measured using the luciferase assay. (**g**) The effects of 0.01--1 *μ*M of BTZ (duration of exposure: 24 h) on the activation of STAT1 phosphorylation in TOV112D, TOV21G, BR, and SKOV3 cells were determined by immunoblotting. Data are expressed as mean±standard error of the mean. The results are representative of at least three independent experiments](cddis201338f1){#fig1}

![The suppression of STAT1 and JAK enhances bortezomib (BTZ)-induced cancer cells\' death. (**a** and **b**) The knockdown of STAT1 by short hairpin (sh)RNA and the treatment with 0.05 *μ*M of BTZ for 24 h in TOV112D cells were analyzed by immunoblotting; specifically, the levels of caspase-3 cleavage were measured. Cytotoxicity was measured using the LDH assay. (**c**) Inhibition of the JAK/STAT pathway with JAKi I. (**d**) TOV112D cells were treated with 5 *μ*M of JAKi I and 0.05 *μ*M of BTZ for 24 h. Cell lysates were analyzed by immunoblotting to determine the levels of phosphorylated JAK1 and JAK1. (**e**) TOV112D cells treated with 0.05 *μ*M of BTZ and 5 *μ*M of JAKi I for 24 h were analyzed by immunoblotting to determine the levels of caspase-3 cleavage. (**f**) The cytotoxicity of the combined treatment with JAKi I and BTZ was measured using the Cell Death Detection ELISA in TOV112D cells. (**g**) LDH assays were used for the TOV112D, TOV21G, BR, and SKOV3 cells. (**h**) TOV112D cells were transiently transfected with enhanced green fluorescent protein (EGFP) alone (control vector) or EGFP-STAT1 (S727E) for 72 h, and then treated with 5 *μ*M of JAKi and 0.05 *μ*M of BTZ for 24 h. Cell viability was analyzed using the MTT assay. Data are expressed as mean±standard error of the mean. The results are representative of at least three independent experiments](cddis201338f2){#fig2}

![The HSF-1--HSP70--STAT1 signaling pathway is involved in bortezomib (BTZ)-induced cytotoxicity. (**a**) TOV112D cells were treated with 0.05 *μ*M of BTZ for 24 h. HSP70 mRNA and protein levels were measured by real-time quantitative PCR and western blot analysis, respectively. (**b**) The effects of the HSP70 knockdown by short hairpin (sh)RNA and the treatment with 0.05 *μ*M of BTZ for 24 h in TOV112D cells were analyzed by measuring the levels of caspase-3 cleavage and (**c**) using the LDH assay. For clarity of presentation, data were normalized with that of BTZ-treated cells, which was set as 1. (**d**) The effects of the HSP70 knockdown by shRNA on the regulation of STAT1 phosphorylation in BTZ-treated TOV112D cells were determined by immunoblotting. (**e**) Treatment with BTZ stimulated phosphorylation of STAT1 at tyrosine 701 and serine 727, which was enhanced by overexpression of HSP70. (**f**) The overexpression of HSP70 attenuated BTZ-mediated growth inhibition. Cell viability was analyzed using the MTT assay. (**g**) TOV112D cells were transfected with an HSE reporter construct. The dose-dependent activation of HSF-1 was measured using luciferase assays after 24 h of treatment with BTZ. (**h**) TOV112D cells were treated with 0.05 *μ*M of BTZ for 24 h, and the effects of HSF-1 knockdown on the regulation of HSP70 and caspase-3 cleavage were analyzed by immunoblotting. For clarity of presentation, data were normalized with that of BTZ-treated cells, which was set as 1. Data are expressed as mean±standard error of the mean. The results are representative of at least three independent experiments](cddis201338f3){#fig3}

![The knockdown of STAT1 promotes bortezomib (BTZ)-induced apoptosis in ovarian cancer cells. (**a**) The effects induced by the treatment with BTZ (0.05 *μ*M for 24 h) and the knockdown of STAT1 by short hairpin (sh)RNA on TOV112D cancer cells were analyzed in TOV112D cells using immunoblotting; specifically, the levels of the antiapoptotic proteins (Bcl-2, Bcl-XL, and p-Bad,) and the cleavage of Bid were determined. The quantitative data obtained for these proteins are presented in panels **b**--**e**. (**f**) TOV112D cells were exposed to a combination of BTZ (0.05 *μ*M) and STAT1 shRNA for 24 h and then analyzed by immunoblotting for AKT phosphorylation (T308). Data are expressed as mean±standard error of the mean. The results are representative of at least three independent experiments](cddis201338f4){#fig4}

![Synergistic cytotoxic effects of the combination of cisplatin (CDDP) and bortezomib (BTZ) in ovarian cancer cells. (**a**) In the MTT assays, cancer cells were treated with CDDP at different concentrations for 24 h. The EC~50~ of CDDP was approximately 50 *μ*M. (**b**) TOV112D cells were treated with 5 *μ*M of CDDP and 0.05 *μ*M of BTZ for 24 h. Cell viability was assessed using the MTT assay. The cytotoxic effects caused by the combined treatment (5 *μ*M of CDDP and 0.05 *μ*M of BTZ) were analyzed using (**c**) the Cell Death ELISA and (**d**) the LDH assays. (**e**) TOV112D cells were exposed to the combination of CDDP (5 *μ*M) and BTZ (0.05 *μ*M) for 24 h, and subsequently analyzed by immunoblotting for the levels of caspase-3 cleavage and STAT1 phosphorylation. For clarity of presentation, data were normalized with that of BTZ-treated cells, which was set as 1 (black bar). Data are expressed as mean±standard error of the mean. The results are representative of at least three independent experiments](cddis201338f5){#fig5}

![Bortezomib (BTZ) inhibits ovarian cancer cell growth in mice. (**a**) Mouse ovarian surface epithelial cancer cells that constitutively expressed luciferase (MOSEC/LUC) were treated with BTZ at different concentrations (from 0.01 to 10 *μ*M) for 48 h. Cell viability was measured with the MTT assay. (**b**) The effects of a 24-h exposure to BTZ (0.1 and 0.5 *μ*M) were analyzed in MOSEC/LUC cells by immunoblotting; specifically, the levels of HSP70, phosphorylated STAT1, and cleaved-caspase-3 (**c** and **d**) were determined. The dose-dependent effects of JAKi I (AG490) on BTZ -induced cytotoxicity in MOSEC/LUC were measured by immunoblotting to determine the levels of cleaved-caspase-3. (**e**) Ten million MOSEC/LUC cells were intraperitoneally injected into C57BL/6 mice. Subsequently, the mice were intraperitoneally injected with 100 *μ*l of HBSS (vehicle alone), 20 *μ*g/ml of BTZ (for each mouse), 100 *μ*l of JAKi (AG490; concentration: 350 *μ*M), or both BTZ and AG490 in combination three times a week. At 10 min after the intraperitoneal injection of luciferin, the mice were imaged using the IVIS 200 *in vivo* imaging system (**f**). Data are expressed as mean±standard error of the mean. The results are representative of at least three independent experiments. (**g**) Immunohistochemistry for phosphorylated STAT1 and cleaved-caspase-3 (brown color) in tumor sections obtained using the HBSS control (left), BTZ alone (middle), or the combination of BTZ with AG490 (right). Cell nuclei were counterstained with hematoxylin. Scale bars represent 20 *μ*m](cddis201338f6){#fig6}

![The upregulation of HSP70 and the phosphorylation of STAT1 induced by bortezomib (BTZ) decrease the cytotoxic activity against ovarian cancer cells. BTZ increased HSF-1 and transcriptionally upregulated HSP70, which subsequently induced STAT1 phosphorylation. Moreover, BTZ can induce the phosphorylation of STAT1 through the JAK signaling pathway. Notably, cisplatin and JAKi I significantly inhibited STAT1 phosphorylation and enhanced cytotoxicity in BTZ-treated cells. These results suggest the possibility to abolish or reduce BTZ chemoresistance in ovarian cancer by the addition of cisplatin or JAKi\'s](cddis201338f7){#fig7}
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